Surface-sensitive X-ray reflectivity and grazing incidence small-angle X-ray scattering reveal the structure of polymer-capped-gold nanoparticles (AuNPs that are grafted with poly(N-isopropylacrylamide); PNIPAM-AuNPs) as they self-assemble and crystallize at the aqueous suspension/vapor interface. Citratestabilized AuNPs (5 and 10 nm in nominal diameter) are ligand-exchanged by 6 kDa PNIPAM-thiol to form corona brushes around the AuNPs that are highly stable and dispersed in aqueous suspensions. Surprisingly, no clear evidence of thermosensitive effect on surface enrichment or self-assembly of the PNIPAM-AuNPs is observed in the 10-35 °C temperature range. However, addition of simple salts (in this case, NaCl) to the suspension induces migration of the PNIPAM-AuNPs to the aqueous surface, and above a threshold salt concentration, two-dimensional crystals are formed. The 10 nm PNIPAM-AuNPs form a highly ordered single layer with in-plane triangular structure, whereas the 5 nm capped NPs form short-range triangular structure that gradually becomes denser as salt concentration increases.
Introduction
Various non-ionic water-soluble polymers phase separate in response to the presence of salts in solution, to variations in pH or temperature and their combinations, and other stimuli (i.e., electric or magnetic field). [1] [2] [3] For instance, polyethylene-glycol (PEG) phase separates in the presence of various salts with a moderate dependence on temperature that varies with the salt species. 4, 5 Poly(N-isopropylacrylamide) (PNIPAM) is a well known thermosensitive polymer exhibiting a reversible phase separation upon cycling temperature through the so called lower critical solution temperature (T LCST ≈ 32 • C). 3, 6 It has also been shown that PNIPAM, in aqueous solution, like PEG, is responsive to sodium based salts by lowering the LCST in accordance with the anionic Hofmeister series. 7 The aqueous bi-phase phenomena of these non-ionic polymers has since been exploited for a variety of application most notably for isolating and concentrating biomaterials. 8, 9 Recently, the bi-phasic separation has been been successfully used for self-assembly and crystallization of PEG capped nanoparticles at vaporsuspension interfaces by adjusting salt concentrations [10] [11] [12] [13] . Furthermore, sufficiently high salt concentrations induce three dimensional crystalline precipitates as has been observed in small angle X-ray scattering studies. 14 Similarly, it has been demonstrated that PNIPAM-NH 2 -AuNPs can form a mono-layer at water/oil interfaces such that their nearest-neighbor distance can be tuned by varying temperature, consequently leading to rapid switching of the optical properties of the mono-layer. 15 Grazing incidence small angle x-ray scattering (GISAXS) experiments of silver-coated PNIPAM-C18 films, prepared by dropcast and drying on a Si waffer, show that superlattices are formed with a lattice constant that shrinks and expands reversibly in response to variation of relative humidity and to a lesser extent due to temperature changes. 16 Here, we explore the response of PNIPAM brushes capping gold nanoparticles (PNIPAM-AuNPs) to salt (NaCl) in suspensions by determining the vapor/aqueous suspension structure (see schematic illustration in Fig. 1 ). We use surface sensitive synchrotron X-ray scattering techniques to determine the interfacial structure as has been demonstrated for DNA-AuNPs 17-20 and more recently for PEG-AuNPs suspensions in the presence of various salts. 10,11 A single densely packed mono-layer is formed at the suspension-vapor interface and GISAXS shows the assembled PNIPAM-AuNPs crystallize into high quality 2D triangular lattice. Both X-ray reflectivity (XR) and grazing incident small X-ray angle scattering (GISAXS) measurements were carried out at ChemMatCARS (beamline ID-15) of the Advanced Photon Source (APS) at Argonne National Laboratory with incident X-ray energy of 10 keV.
Materials and Experimental setup
We used a liquid surface reflectometer, described in detail elsewhere, 23 for both XR and GISAXS. While the incident beam intensity is monitored by an ionization chamber, the outgoing beam intensities are recorded by a Pilatus 100K detector (Dectris). GISAXS data are obtained at the grazing incident angle 0.09 • (below the critical angle for total reflection).
The instrumental resolution of GISAXS is δQ = 0.0008 Å −1 , determined by the detector pixel size (0.172 mm) and the sample-to-detector distance (1065 mm). For the X-ray measurements, the PNIPAM-AuNPs suspension sample (∼ 1.5 mL) is held in a stainless steel trough (approximate dimensions 20 × 120 × 0.3 mm) that was enclosed in a thermostated chamber. The sample chamber is continuously purged with water-saturated helium (helium gas is bubbled through water prior to purging) to reduce background scattering and minimize radiation damage to the film. The stainless steel trough is placed on a thermostated copper plate with capability to control the temperature of the chamber from about 10 to 60 • C. We have conducted XR and GISAXS experiments of the suspension as a function of temperature in the range of 10 to 35 • C that did not yield results that differed significantly from bare water interfaces. Thus, the results presented here are from PNIPAM-AuNPs in salt (NaCl) solutions and performed at room temperature i.e., 22 • C. ED. This is also consistent with the surface ED profiles determined for aqueous surface superlattices of PEG-AuNPs that are induced by salts 10, 12 . The asymmetry of the film ED (different widths at the vapor and liquid interfaces) and a small step like at the film/gas interface suggest that the PNIPAM polymers around the AuNPs are at different states at the two interfaces, i.e., those close to the gas phase are highly compressed and concentrated while those in proximity of the fluid are loosely packed and extended into the subphase. 10, 12 In general, we find that the ED of organic-polymers in aqueous medium is not significantly different that of the surrounding solution and therefore practically impossible to distinguish from the subphase in X-ray scattering experiments. 10, 11 Similar film formation is also obtained for the nominal size D = 5 nm PNIPAM-AuNPs as salt is added to the suspension, however, higher salt concentration is necessary to saturate the surface. ing ED profiles shown in Fig. 2 (d) manifest similar features to those obtained in Fig. 2 (b), i.e., asymmetric ED enhanced region at the interface, with broader interface towards subphase and a FWHM≈ 45 Å. Our SAXS data shows that the nominal 5 nm AuNPs are in fact 6.5(±15%) nm in diameter which is consistent with the FWHM extracted from the ED. The XR results in Fig. 2 also show that it takes at least one order of magnitude more salt to bring the 5 nm AuNPs to the surface and give rise to the similar R/R F maximum (or alternatively, the maximum ED) than that used for the 10 nm AuNPs. A qualitative explanation follows. Since the maximum XR or equivalently maximum ED is a measure of the maximum in-plane Au density, it takes more small-sized AuNPs to populate the surface to reach the same surface density of large-sized AuNPs. The aqueous surface affinity is driven by PNIPAM, and the larger AuNPs in general have more PNIPAM polymers grafted on their surfaces than smaller AuNPs. Thus, the same salts concentration level drive more large-sized AuNPs to the aqueous surface than the small-sized AuNPs. Therefore, more salt is required to bring more small-sized AuNPs to populate the surface to reach comparable XR maximum (or ED maximum). GISAXS determines the lateral packing of the PNIPAM-AuNPs within a nanoparticle mono-layer at the interface observed in the XR studies described above. Figure 3 Fig. 3 ), considering the most intense peak at Q xy = Q 1 = 0.0269 Å −1 as the primary peak. These ratios correspond to a 2D triangular lattice, similar to surface crystallization of DNA-AuNPs 20 or PEG-AuNPs. 10, 11 The lattice constant of the unit cell is a = 4π/(
Results and Discussion
The effect of salt on the surface assembly of PNIPAM-AuNPs with 5nm diameters cores is shown on Fig. 3 (b) . At low salt concentration (below 5 mM) the pattern is void of any diffraction peaks. However, as the concentration is raised, two broad peaks are observed that shift to higher Q xy values with the increase of salt concentration indicating shrinking nearest-neighbor distances. This is consistent with the gradual increase in surface density of PNIPAM-AuNPs at the interface as observed in the XR discussed above. The ratio between the position of the secondary peak to that of the primary Q 1 ≈ 0.036 Å is ≈ √ 3, indicating triangular ordering, albeit at short range order compared to the 10 nm PNIPAM-AuNPs ordering. The unit cell lattice constant at 500 mM NaCl is estimated at a = 4π/( √ 3Q 1 ) ≈ 201 Å.
Discussion and Conclusion
Using X-ray reflectivity (XR) from liquid suspensions of polymer-capped gold nanoparticles (AuNPs that are grafted with Poly(N-isopropylacrylamide); PNIPAM-AuNPs) we show that the addition of NaCl to the suspension induces the formation of a nanoparticle mono-layer at the gas/liquid interface. Furthermore, grazing incidence small angle X-ray scattering (GISAXS) measurements of the same films demonstrate that the self-assembled PNIPAM-AuNPs at the liquid/gas interface crystallize into triangular stable structures. Our primary goal in conducting this study, has been to look for reversible assembly and crystallization in response to temperature variation across the LCST (T LCST ≈ 32 • C of PNIPAM in aqueous solutions, above which phase separation occurs), but surprisingly, no evidence of thermosensitive effect on surface enrichment or self-assembly of the PNIPAM-AuNPs is observed in the 10 to 35 • C temperature range. This is consistent with a recent study by Turek et al. that demonstrates the crucial role played by salts (e.g., NaCl) in the suspensions of PNIPAM-AuNPs for forming bulk aggregates, i.e., salts bring about charge screening that facilitate nanopartcle aggregation. 24 That study also shows the salts are more effective in inducing the PNIPAM-AuNPs bulk assembly than elevating temperature, a fact consistent with our finding regarding to the aqueous surface assembly of the PNIPAM AuNPs. We show that moderate salt concentrations in 10 nm core diameter AuNPs PNIPAM-AuNPs induce a highly ordered single-layer with in-plane triangular structure, whereas for the 5 nm capped NPs form short range triangular structure that gradually becomes denser as salt concentration increases. Intensity (arb. units)
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